A casein hydrolysate generated by Alcalase had in vitro ACE-inhibitory activity of 44.4%, and was treated by Alcalase-catalyzed plastein reaction in ethanol-water medium. Alcalase addition, ethanol, substrate concentration, and reaction temperature optimized from experimental design were 8.36 kU/g peptides, 56.8 (v/v), 56.8% (w/v), and 37.5 • C, respectively, when reaction time was fixed at 6 h. Two treated casein hydrolysates, namely TCH4 and TCH8, were obtained with reaction time of 4 and 8 h, and exhibited the highest ACEinhibitory activity of 62.5% or the greatest reaction extent but an activity of 35.6%, respectively. Fractionation of TCH4 and TCH8 by applying ethanol-water of 7:3 (v/v) conferred the obtained supernatant (precipitate) fractionates higher (lower) activity than the parent substrate, while applying ethanol-water of 3:7 (v/v) or water led to an opposite result in activity for the fractionates. In vitro digestion of TCH4, TCH8, and their fractionates revealed that they had resistance in activity towards the investigated four proteases, as the resulted 47 out of 48 digests had higher activities than casein hydrolysate. TCH8 exhibited better protease resistance than TCH4. It is concluded that the applied plastein reaction can enhance ACE inhibition and protease resistance of casein hydrolysate.
INTRODUCTION
Hypertension is a major controllable risk factor in cardiovascular diseases, which is ranged as the world's largest killers and claim 17.1 million lives per year according to the World Health Organization. [1] Angiotensin I-converting enzyme (ACE, EC 3.4.15.1), one enzyme of the rennin-angiotensin system, can regulate peripheral blood pressure. [2] ACE catalyzes the conversion of angiotensin I into the potent vasoconstrictor angiotensin II, and simultaneously, the degradation of bradykinin, a blood pressure lowering nonapeptide in kallikrein-kinin system. [3] These two reactions cause a contraction of blood vessels and a consequent increase in blood pressure.
ACE-inhibitory peptides derived from food proteins are considered to be milder and safer in anti-hypertension than synthetic drugs. In vivo studies in spontaneously hypertensive rats or human volunteers indicate that these peptides can significantly reduce blood pressure, either after intravenous or oral administration, but have no effect on normotensive subjects. [4] Furthermore, these peptides usually have multifunctional properties apart from better absorption. [5] Oshima et al. [6] generated ACE-inhibitory peptides from food protein by digestive proteases. Many other ACE-inhibitory peptides have been discovered from the fermented milk products [7, 8] or protein hydrolysates, [9−11] as they could be generated from the inactive protein precursor by the digestion of proteases. [12] The widely studied food protein sources of ACE-inhibitory peptides include milk proteins, [13, 14] fish proteins, [9] animal muscle proteins, [10] egg proteins, [15−17] and soybean proteins. [18, 19] Plastein reaction involves three mechanisms as condensation, [20] physical forces, [21] and transpeptidation, [22] and has been well-studied by food chemists owing to its application in debittering treatment for protein hydrolysates, [23] amino acid fortification, [24] and property modification for protein ingredients. [21] A recent application of plastein reaction is to enhance bioactivity of protein hydrolysates. Casein hydrolysate modified by plastein reaction has an enhanced ACE-inhibitory [25−27] or antioxidant activity, [28, 29] and extrinsic proline addition in the reaction system can result in casein hydrolysate higher ACE inhibition. [30] Plastein reaction is also able to confer casein hydrolysate stronger resistance in ACE-inhibitory activity towards in vitro digestion of some proteases. [31] Plastein reaction in these mentioned studies is carried out in a water medium. Whether a plastein reaction in other mediums (e.g., a mixed solvent system consisting of water and one of miscible organic solvents) has potential impact on ACE inhibition and protease resistance of protein hydrolysates is unknown yet. Theoretically, the added miscible organic solvents can impact water content (i.e., water activity), practical activity of proteases, consequentially, the reaction extent and activity of the modified products. A detailed investigation is thus strongly suggested. In the present study, an Alcalasecatalyzed plastein reaction was employed to treat a casein hydrolysate in ethanol-water medium. Suitable reaction conditions, including Alcalase addition, ethanol and substrate concentration, and reaction temperature were studied and selected from an experimental design by response surface methodology. Two treated hydrolysates of different activities and reaction extent were subjected to solvent fractionation and protease digestion in vitro. The impacts of the applied plastein reaction on ACE inhibition or protease resistance of the treated hydrolysates were thus evaluated. The aim of the present study was to reveal potential application of plastein reaction in ethanol-water medium to enhance ACE inhibition and activity stability of casein hydrolysate.
MATERIALS AND METHODS

Materials
Caseinate, hippuryl-histidyl-leucine (HHL), rabbit lung acetone powder (as ACE source), and trypsin (89 kU/g) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Alcalase (118 kU/mL), pepsin (18 kU/g), and papain (29 kU/g) were purchased from Novozyme China (Tianjin, China), Hui Shi Biochem Reagent Co. (Shanghai, China) and Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China), respectively. All other chemicals and reagents used were of analytical grade. Highly purified water by Milli-Q PLUS (Millipore Corporation, New York, NY, USA) was used in buffer and solution preparation.
Preparation of Casein Hydrolysate
Caseinate solution (10%, w/v) was adjusted into pH 8.0 by adding 0.2 mol/L NaOH, and pre-incubated in water bath of 55
• C for 10 min. Alcalase solution was prepared immediately prior to use. After withdrawal of a 20 mL sample (zero-time sample), the proteolysis was started by adding Alcalase solution to the remaining casein solution at 1 kU/g proteins, and carried out at 55
• C with continuous gentile stirring. Hydrolyzed samples of 20 mL were withdrawn from the reaction system after 1, 2, 3, 4, 5, 6, 7, and 8 h of hydrolysis, respectively, heated at 95
• C for 15 min, cooled to room temperature, and centrifuged at 11,000 × g for 20 min. The collected supernatants (casein hydrolysates) were evaluated for degree of hydrolysis (DH) and in vitro ACE-inhibitory activities. The hydrolysate of the highest activity was bulk prepared, lyophilized and used as the substrate of plastein reaction.
Plastein Reaction of Casein Hydrolysate in Ethanol-Water Medium
Some conditions were studied by using response surface methodology with a central composite design (CCD). In the CCD, ethanol concentration (%, v/v), substrate concentration (%, w/v), Alcalase addition (kU/g peptides) and reaction temperature (
• C) were studied at five different levels shown in Table 1 , with a fixed reaction time of 6 h. Decrease of free amino groups of the treated hydrolysates was used as the response. After the reaction, the treated hydrolysates were heated at 95
• C for 15 min and assayed for content of free amino groups. Eight treated hydrolysates were prepared with the optimized conditions and reaction time of 1−8 h, respectively, and evaluated for their decrease of free amino groups and ACE-inhibitory activities. One treated hydrolysate of the highest activity and another treated hydrolysate of the greatest reaction extent (i.e., the largest decrease of free amino groups) were bulk prepared, lyophilized, and subjected to solvent fractionation and protease digestion.
Solvent Fractionation of the Treated Casein Hydrolysates
The treated hydrolysates or original casein hydrolysate were dispersed in ethanolwater solvents in ratios of 3:7 and 7:3 (v/v), respectively, at a fixed peptide content of 50% (w/v). The mixture was centrifuged at 9000 × g for 30 min to separate supernatant and precipitate fractionates. The two fractionates were evaporated at 80
• C to remove ethanol, lyophilized, dissolved in water, and evaluated for peptide recoveries and ACE-inhibitory activities. At the same time, pure water was used to fractionate the two treated hydrolysates by the same procedure and conditions. The resulted fractionates were lyophilized, and subjected to same treatment and evaluation.
In Vitro Digestion of the Treated Casein Hydrolysates
The two treated hydrolysates and their four fractionates by ethanol-water in ratio of 7:3 (v/v) were subjected to in vitro digestion to examine activity resistance towards four proteases. Pepsin and trypsin were used as two digestive proteases while Alcalase and papain were selected as bacterial and plant protease. The evaluated samples were dissolved in water to give a fixed peptide content of 10% (w/v). Final pH of the solutions was adjusted to the optimal value of the used protease by 2 mol/L NaOH or HCl. The pH-adjusted solutions were incubated at water bath for 5 min, and digested by adding Alcalase (1 kU/g peptides, pH 8.0, 55
• C), papain (2 kU/g peptides, pH 6.5, 45
• C), trypsin (2 kU/g peptides, pH 8.0, 37
• C), and pepsin (4 kU/g peptides, pH 2.0, 37
• C) for 10, 30, or 60 min, respectively. A blank sample (zero time) was also prepared by adding protease solution preheated at 95
• C for 15 min. After the digestion, all solutions were heated at 95
• C for 15 min to inactive the proteases. The digests were lyophilized and analyzed for the content of free amino groups and residual ACE-inhibitory activities.
Protease Activity, Protein Content, DH, and In Vitro ACE-Inhibitory Activity
Protease activity was assayed as per the method of Sarath et al. [32] with caseinate as substrate. Peptide content was measured by the Kjeldahl method with a conversion factor of 6.38.
[33] Content of free amino groups was measured by o-pthaldialdehyde assay, [34] and used to calculate DH described by Adler-Nissen. [35] L-Leucine (0−36 µg/mL) was used to prepare standard solution.
In vitro ACE-inhibitory activity was measured according to the method of Cushman et al. [36] with some modifications. The analysis samples were dissolved in water in a fixed peptide content of 0.3 mg/mL. Sample solution (or deionized water) of 100 µL and HHL solution (5 mmol/L in 0.1 mol/L borate buffer, pH 8.3, containing 0.3 mmol/L NaCl) of 250 µL were mixed and incubated at 37
• C for 5 min. Then, 150 µL of ACE extract from rabbit lung acetone powder was added. The mixture was incubated for 90 min, and the reaction was stopped by adding 0.5 mol/L HCl of 250 µL. Hippuric acid formed in the reaction system was extracted by ethyl acetate of 3 mL with vigorously shaking of 5 min. After standing for 5 min, 2 mL of the upper layer was transferred to clean tubes and evaporated by heating at 85
• C for 35 min in a water bath. Hippuric acid left in the tubes was dissolved in 1 mol/L NaCl of 3 mL, and the absorbance was measured at 228 nm using a UV-spectrophotometer (UV-2401PC, Shimadzu, Kyoto, Japan). HCl solution was added immediately before ACE extract in zero-time control assaying, and ACE extract was heated at 75
• C for 5 min to ensure absolutely inactivation. ACE inhibitory activity (%) was calculated as follows.
where, A c or A s is the absorbance of the reaction system with deionized water or ACE inhibitor added, respectively. The IC 50 value is defined as the inhibitor concentration in the final evaluation system needing to inhibit 50% of the ACE activity, equal to 1/7.5 of the original concentration of the added inhibitor.
Statistical Analysis
All experiments or analyses in the present study were performed three times. The results were expressed as means ± standard deviations (SD). The significant differences among the means were evaluated by one-way analysis of variance (ANOVA) at P < 0.05 with Duncan's multiple comparison test by the SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA). Design Expert 7.0 software (Stat-Ease Inc., Minneapolis, MN, USA) was used in CCD analysis.
RESULTS AND DISCUSSION
Suitable Plastein Reaction Conditions for Casein Hydrolysate
The analysis results show that DHs of the eight casein hydrolysates prepared by hydrolysis time of 1−8 h range from 6.9-11.8%. One casein hydrolysate prepared by a hydrolysis time of 6 h has a DH of 11.6% and is selected as the substrate of plastein reaction, as it shows the highest activity (44.4%) against ACE (IC 50 = 42.8 µg/mL). With the applied CCD as in Table 1 , a detailed experiment containing of 30 runs is completed. Final experimental results are given in Fig. 1 , and the analysis results about the linear, quadratic, and cross-product effects of the investigated conditions on the response are listed in Table 2 . Ethanol (X 1 ), substrate concentration (X 2 ), Alcalase addition (X 3 ), reaction temperature (X 4 ), quadratic term coefficient (X 4 2 ), and the interaction coefficient (X 1 X 2 , X 1 X 3 , X 2 X 3 ) all have significant impact on the plastein reaction of casein hydrolysates (P < 0.05). Other quadratic term coefficient (X 1 2 , X 2 2 , and X 3 2 ) and interaction coefficient (X 1 X 4 , X 2 X 4, and X 3 X 4 ) give insignificant impact on the plastein reaction (P > 0.05) (not shown in Table 2 ). Suitable ethanol and substrate concentration, Alcalase addition and temperature given by the software are 56.8% (v/v), 56.8% (w/v), 8.36 kU/g peptides and 37.5
• C, respectively. When these optimized conditions are used for casein hydrolysate, actual decrease of free amino groups of the treated hydrolysate is (300.9 ± 2.1) µmol/g peptides, slight higher than the predicted value 296.8 µmol/g peptides.
Plastein reaction of casein hydrolysate by Alcalase in water medium has a decrease of free amino groups about 110 or 180 µmol/g peptides. [25, 31] The two values are lower than that of the present one (300.9 µmol/g peptides). This is supported by a previous research, in which addition of organic solvent such as glycerol into plastein reaction system can enhance plastein yield. [21] Addition of organic solvent decreases water activity (a w ) of the reaction system, [37] and lower a w can shift reaction equilibrium towards synthesis reaction. [22] Thus, ethanol concentration in reaction system is selected as 56.8% (v/v), which leads to much condensation reaction (i.e., the treated hydrolysate higher value in decrease of free amino groups). Plastein reaction usually carries out at substrate concentration about 30−50% (w/w), and is found to be an exothermic reaction. [38] A higher substrate content and lower reaction temperature should be beneficial to condensation reaction. It is reasonable that the selected substrate concentration and reaction temperature are 56.8% (w/v) and 37.5
• C, respectively. Owing to a lower a w in the present reaction system, practical activity of Alcalase is inhibited; consequentially, higher Alcalase addition of 8.36 kU/g peptides is needed. Unlikely, lower Alcalase addition about 3.1 or 7.7 kU/g peptides are applied in water medium. 
Reaction Extent and ACE Inhibition of the Treated Casein Hydrolysate
Eight treated hydrolysates are prepared by the selected conditions and reaction time of 1−8 h, respectively. Evaluation results for their decrease of free amino groups and activities in vitro are given in Table 3 . The data show that decrease of free amino groups of the treated hydrolysates increases as reaction time is prolonged, indicating longer reaction time leads to much condensation. On the contrary, the activity of the treated hydrolysates behaves an increasing trend first (reaction time of 1−4 h) but then a decreasing trend (reaction time of 5−8 h). A treated hydrolysate by a reaction time of 4 h (TCH4) has the highest activity (62.5%) or lowest value of IC 50 (27.7 µg/mL), while another one by a reaction time of 8 h (TCH8) shows the largest value in decrease of free amino groups (i.e., greatest reaction extent) but the lowest activity (35.6%). It indicates that only suitable reaction extent can enhance ACE inhibition of the treated hydrolysate. IC 50 value of a synthetic ACE inhibitor captopril is 0.0043 µmol/L (i.e., 0.9 µg/mL). [39] It means that these treated hydrolysates are weaker ACE inhibitors than captopril. TCH4 and TCH8 are thus selected to investigate their solvent fractionation or protease resistance.
Plastein reaction is a kinetically-driven reversal of the usual protein hydrolysis, in which protease catalyses a condensation reaction to form new peptides of higher molecular weights. [20] Owing to the occurred condensation and transpeptidation, some new peptides with higher activities might be generated, leading to the treated hydrolysates enhanced activities. [30] The treated hydrolysates (TCH1−TCH6) exhibit higher activities than casein hydrolysate (46.6−62.5 vs. 44.4%). Unfortunately, too much plastein reaction will give an adverse impact on the activity of the treated hydrolysate, e.g., a reaction time longer than 4 h. This profile results in TCH4 the highest activity than others. ACE-inhibitory peptides are usually in 2−12 amino acid residues. [3] Too much plastein reaction (or too longer reaction time) for casein hydrolysate means that those newly generated peptides of higher activities have opportunity to be further modified, resulting in the treated hydrolysates too longer peptide lengths and more important, the active sites of the generated peptides blocked or destroyed. The treated hydrolysates thus prepared show relative lower activity. A support might be provided by TCH8, who has the greatest reaction extent but the lowest activity among the treated hydrolysates ( Table 3) .
Impact of Solvent Fractionation on ACE-Inhibitory Activity of the Treated Casein Hydrolysate
The results given in Table 4 indicate that when water and two ethanol-water (E-W) solvents in ratios of 3:7 and 7:3 (v/v) are used to fractionate casein hydrolysate, TCH4 and TCH8, the obtained fractionates have different activity changes. The obtained precipitate (supernatant) fractionates of TCH4 and TCH8 by ethanol-water in ratio of 3:7 (v/v) or water have higher (lower) activity than the parent substrate. Contrary to these results, fractionation of casein hydrolysate, TCH4 and TCH8 by ethanol-water in ratio of 7:3 (v/v) confers the supernatant (precipitate) fractionates higher (lower) activity than the parent substrate. b E: ethanol; W: water. The given ratios are volume ratios of ethanol to water. c CH, TCH4, and TCH8 have activities of 44.4, 62.5, and 35.6%, respectively. The means with different capital letters within same column for each sample indicate that one-way ANOVA of the means is significantly (P < 0.05).
Plastein reaction yields some plasteins insoluble in water, [21] which leads to the treated hydrolysates less soluble in three fractionation solvents than casein hydrolysate. More ethanol in the fractionation solvent results in lower polarity, and finally more peptide inextractable (i.e., lower peptide recovery in soluble part). ACE-inhibitory peptides are rich in hydrophobic amino acids. [2, 10] When fractionation solvent is in lower polarity (e.g., ethanol-water in ratio of 7:3, v/v), the soluble (precipitate) fractionate would be rich (poor) in these peptides containing more hydrophobic amino acids. The soluble fractionate thus has higher activity but the precipitate fractionate has lower one. Plastein products are rich in hydrophobic amino acids, [21] fractionation by solvents of higher polarity (e.g., ethanolwater of 3:7, v/v; or water) would ensure plastein products mainly in precipitate fractionate. As one might expect, the obtained precipitate fractionate gives higher activity. These results are consistent to the results of Sun and Zhao, [31] in which casein hydrolysate treated in water medium is fractionated by several solvents of different polarity. Another support is the result from Hang and Zhao, [40] in which ethanol-water solvent in ratio of 6:4 other than 2:8 or 6:4 (v/v) is more efficient to separate most active peptide fractions from a fermented soybean product.
Protease Resistance of the Treated Casein Hydrolysate
Protease resistance of TCH4, TCH8, and their four fractionates (by ethanol-water in ratio of 7:3, v/v) are examined by the residual activities of the resulted digests (Table 5) . Four selected proteases all induce proteolysis on these substrates, among which Alcalase shows the strongest ability as it results in much increase in free amino groups of the digests. The data in Table 5 show that TCH4, TCH8, and the four fractionates have different resistance in activity towards the carried out proteolysis, depending on the protease used. Totally, Alcalase induces much activity loss in the most cases whereas papain might enhance activity of the resulted digests in the some cases, if hydrolysis time is fixed in the same level.
Among the generated digests of TCH4, only those by papain, trypsin, and pepsin with a hydrolysis time of 10 min have residual activities higher than TCH4 (64.0−72.8 vs. 62.5%). For the supernatant fractionate of TCH4 (FTCH4-SF), only three digests by papain, trypsin, and pepsin with a hydrolysis time of 10 min have higher (73.7%) or same (61.5 and 62.7%) activities than TCH4, and seven out of eight digests show lower activities (50.0−62.7%) than FTCH4-SF (69.5%). For the precipitate fractionate of TCH4 (FTCH4-PF), three resulted digests by papain, trypsin, and pepsin with a hydrolysis time of 10 min exhibit similar activity as FTCH4-PF (58.3−59.1 vs. 58.6%), while other digests have residual activities of 45.1−52.3%. TCH8 behaves different behavior in protease resistance than TCH4. All digests of TCH8 have residual activities higher than TCH8 (42.9−74.8 vs. 35.6%). Digestion of the supernatant fractionate of TCH8 (FTCH8-SF) results in the residual activities in 46.2−71.4%, totally higher than the activity of FTCH8-SF (46.0%). Similar result is also found for the digests of the precipitate fractionate of TCH8 (FTCH8-PF) (residual activities 40.7−65.1 vs. 33.7%). These facts reveal that: (1) TCH4 and TCH8 have some resistance in activity to the selected proteases; (2) TCH8 of the greatest reaction extent has better protease resistance; (3) totally, the supernatant fractionates of TCH4 and TCH8 have higher activities, resulting in the digests higher residual activities; (4) among all 48 digests, only one digest from FTCH8-PF by Alcalase with a hydrolysis time of 30 min has an activity of 40.7%, lower than casein hydrolysate (44.4%). It is thus concluded that the applied plastein reaction can confer casein hydrolysate higher activity and better protease resistance. Alcalase has specificity mainly for hydrophobic amino acids. [41] It can release these amino acids from TCH4, TCH8, and the corresponding fractionates to decrease ACE inhibition of the digests. Longer digestion time destroys more active peptides generated during plastein reaction, and leads to greater activity loss. This shares similarity to a previous research.
[ 31] Also, limited digestion of these samples by some proteases (e.g., digestive time of 10 min) might release some peptide fractions or amino acids previously blocked the active sites of the most active peptides, resulting in the digests higher activity than the original substrate (e.g., TCH8 and TCH8-SF). This phenomenon is not found in the digestion of the treated casein hydrolysates in water medium. [31] A possible reason might be lower reaction extent for these hydrolysates treated in water medium. At the same time, digestive time of 30 or 60 min will induce too much damage to the most active peptides. The digests obtained thereof show decreased activities with increasing digestive time.
Protease resistance of protein hydrolysates in ACE inhibition might be an important scientific issue, as it means activity stability (and potential in vivo activity) when being severed as functional ingredients for oral administration. In the present study, casein hydrolysate treated by plastein reaction in ethanol-water medium shows an enhanced activity and protease resistance, indicating plastein reaction might be an approach to obtain protein hydrolysates with better activities and digestive stability.
CONCLUSION
Alcalase-catalyzed plastein reaction of casein hydrolysate in ethanol-water medium can lead to larger reaction extent than in water medium. With the optimized conditions from response surface methodology, a reaction time of 4 h confers the treated hydrolysate the highest ACE-inhibitory activity, while a longer reaction time of 8 h gives the treated hydrolysate the greatest reaction extent but lowest activity. When the treated hydrolysates is fractionated by different solvents, applying the solvent of higher polarity (water or ethanolwater in ratio of 3:7, v/v) leads to the obtained soluble or precipitate fractionate lower or higher activity than the parent substrate, whereas applying the solvent of lower polarity (ethanol-water in ratio of 7:3, v/v) results in opposite activity change. The carried out plastein reaction also confers the treated hydrolysate resistance in activity towards to four proteases, especially the treated hydrolysate of the greatest reaction extent. Plastein reaction in ethanol-water medium can be used to enhance ACE inhibition and protease resistance of protein hydrolysates.
